Background: The metabolic response to surgery includes alterations in protein metabolism, resulting in a net loss of proteins. Protein hypercatabolism is considered an unavoidable consequence of injury, and an important source of morbidity and mortality. Our purpose was to determine the effect of nutrition on protein metabolism following gastrointestinal surgery, and to elucidate whether postoperative protein loss can be prevented with adequate nutritional support. Methods: Patients who had undergone gastrointestinal surgery were given four different parenteral nutritions with increasing glucose, lipid and amino acid content during the 7 days following surgery. Nitrogen balance, protein synthesis and protein breakdown were determined using in vivo stable isotope labelling. Other metabolites (3-methylhistidine, creatinine, urea, cortisol, glucose, insulin, amino acids and C-reactive protein) were measured. Results: A nutrition-dependent alteration of protein metabolism was found in response to surgical injury. Nutrition modified nitrogen balance, whole-body protein breakdown and, to a lesser extent, whole-body protein synthesis and muscle protein breakdown. The low-energy parenteral nutrition without amino acids produced a negative nitrogen balance (postoperative day 7 ¼ À0.381 g protein kg À1 day À1 ) and important alterations in postoperative protein metabolism that did not normalize during the study period (day 7 protein synthesis ¼ 239% and protein breakdown 217% vs preoperative). Patients receiving the two low energy parenteral nutritions containing amino acids had a less negative nitrogen balance (day 7 ¼ À0.011 and À0.133 g protein kg À1 day À1 ) and a transient increase in protein metabolism. The complete parenteral nutrition maintained, during all studied days, protein metabolism parameters within the preoperative reference range (synthesis day 2 ¼ 92%, day 4 ¼ 110% day 7 ¼ 79%; breakdown day 2 ¼ 85%, day 4 ¼ 80%, day 7 ¼ 76% vs preoperative) and a positive nitrogen balance (day 2 ¼ þ 0.0387, day 4 ¼ þ 0.578 and day 7 ¼ þ 0.227 g protein kg À1 day À1 ). Conclusion: Complete nutritional support can prevent protein loss after gastrointestinal surgery and maintain protein metabolism without alterations.
Introduction
The organism reacts to gastrointestinal surgery with a nonspecific metabolic response (Romito, 1995; Hasselgren and Tiao, 1996; Tashiro et al., 1996; Emery et al., 1999) lasting 6-7 days that modifies carbohydrate, lipid and protein metabolism (Hasselgren and Tiao, 1996; Lopez-Hellin et al., 2005) .
This stress response is classically divided into two phases: the ebb phase, starting immediately after the injury and lasting for 18-24 h, and the flow phase, starting at the end of the ebb phase and lasting for 6-7 days after the injury. In the ebb phase, there is an increase in counter-regulatory signalling hormones that trigger changes in carbohydrate, lipid and protein metabolism (Hasselgren and Tiao, 1996) . During the flow phase, the organism shows a high metabolic rate, high body temperature and pulse rate, increased nitrogen output and loss of muscle protein.
The alteration that classically defines the metabolic response to the surgery is whole-body net protein catabolism, manifested as negative nitrogen balance (Cuthberson, 1964; Munro, 1964; James, 1981; Waterlow, 1995) . The earliest models explaining protein metabolism after injury attributed the protein loss during the flow phase to decreases in protein synthesis (James, 1981) . Later, this model was considered to represent the metabolic response to mild stress with inadequate nutritional support, and another model was proposed: while maintaining the same pattern for protein metabolism in the ebb phase, in the flow phase there is a new increase in whole-body protein breakdown, immediately followed and paralleled by an increase in protein synthesis of lesser intensity. This increase in whole-body protein metabolism reaches a peak at approximately 2-3 days after surgery and then starts to decrease, until complete normalization after 6-7 days (James, 1981; Waterlow, 1995) .
Most of the protein lost during the flow phase is from skeletal muscle, which acts as a metabolic reservoir, producing energy and free amino acids for use by the critical organs (Hasselgren and Tiao, 1996; Hill and Hill, 1998; Lopez-Hellin et al., 2005) . After this catabolic phase, a recovery period (convalescence or anabolic phase) begins, with protein synthesis higher than breakdown to replenish the body's protein stores (mainly skeletal muscle). This period can last from 2 to 6 months (Hill et al., 1993; Choudry et al., 2006; Paddon-Jones, 2006) .
The purpose of the stress reaction is to insure survival of the injured organism and to repair the damage, but it has negative consequences, such as impaired respiratory function, increased risk of infection, deficient wound healing and longer recovery time (Hill et al., 1993; Ondrey and Hom, 1994; Wilmore, 2000) .
Nutritional support is commonly used to limit the deleterious effects of the metabolic stress response and reduce hypercatabolism (Ronzoni and Carli, 1992; Schricker et al., 2002; Wang et al., 2003; Donatelli et al., 2006; Kehlet, 2006) . The mechanisms by which nutrition modulates protein metabolism are still not completely defined, but the assumption underlying clinical practice and metabolic research is that injury provokes a metabolic response characterized by unavoidable net protein breakdown that can be reduced with proper nutritional support (Carli et al., 1990; Jeevanandam et al., 1991; Romito, 1995; Waterlow, 1995; Hasselgren and Tiao, 1996) .
Because of the great influence of nutrition on protein metabolism, it is difficult to extricate the effects of the injury from the effects of the nutrition. Thus, the validity of the previous assumption, attributing only to the surgical trauma the alterations of protein metabolism, can be questioned. The alterations classically ascribed to the injury might be caused by the interaction of the injury with inadequate nutritional support.
The purpose of this work was to determine the effect of nutrition on protein metabolism following gastrointestinal surgery, and to elucidate whether protein metabolism alterations are a direct result of injury or an interaction between injury and insufficient nutritional support, which could be prevented by providing adequate nutritional intake.
Material and methods
Patients 24 patients (30-80 years old) underwent elective abdominal surgery in Vall d'Hebron Hospital (20 intestinal and gastric neoplasias, two diverticulosis, one stenosis and one angiodysplasia). All met the following criteria: no kidney or liver disease, no peritoneal carcinomatosis or known metastasis, no malnutrition (normal albumin and transthyretin, normal BMI, no weight loss greater than 10% in the last 3 months) and no metabolic disease. The patients were informed by their surgeon of the usefulness of the study, its design, risks and extra manipulations required. They were provided with a written copy of the explanation and gave their signed agreement to participate. Sample size was calculated by the statistical package (StatGraphics plus) from our previous data on protein synthesis and breakdown, for an expected difference of 50% vs preoperative, in a two-tailed comparison with a power of 0.90 and a confidence level of 95%. Patients were randomized by the Hospital Pharmacy Service, using random number tables to assign the patients to each nutrition group, and delivering the parenteral nutrition in coded black infusion bags to the medical team to ensure a proper double-blind assay. This study was approved by the Ethics Committee of the Vall d'Hebron Hospital and the Fondo de Investigaciones Sanitarias (Ministry of Health).
Anaesthetic regimen
A standard anaesthetic regimen was followed starting with 5 mg of diazepam on the night before surgery and 5 mg at 0700 before surgery. Patients were pre-treated with 0.15 mg of fentanyl, 0.1 mg of atropine and 2.5 mg of dehydrobenzperidol. Anaesthesia was induced with 4 mg kg
À1
of thiopental and 0.5 mg kg À1 of atrocurium. During surgery, anaesthesia was maintained with isofluorane, 0.45 mg kg À1 h À1 of atrocurium and 4 mg kg À1 h À1 of fentanyl.
Design, groups and nutritional formulas Preoperative reference determinations were performed 3 days before surgery. Patients followed a perioperative nutritional protocol for abdominal surgery used in our hospital: 18 h of oral fast with parenteral nutrition (PN2) ( Table 1) before the surgery, and parenteral glucose (PN1; Table 1 ) administration during surgery and for the following 24 h. At 24 h after the operation (postoperative day 1, POD 1), patients were assigned to four groups, each receiving a different parenteral nutrition formula (PN1, PN2, PN3 and PN4) up to POD 7 (Table 1 ). All parenteral nutritions were . Day 0 determinations of cortisol, C-reactive protein (CRP) and glucose were performed immediately after surgery.
The parenteral nutritions used in this study were chosen for research purposes only, with the agreement of the Ethical Committee of Vall d'Hebron Hospital, and administered under careful supervision and monitoring. Perioperative administration of total parenteral nutrition is not a standard recommended clinical procedure for managing patients in this situation. The rationale for using parenteral nutrition in this study was methodological: first, precise quantification of nitrogen intake is required for an accurate determination of the protein metabolism parameters and, second, parenteral nutrition ensures that all patients in each group received exactly the same amount of nutrition per weight. We used hypocaloric parenteral nutrition as nutrition in the preoperative measurements since we needed a precise measurement of nitrogen intake (very difficult with an oral diet), and PN2 seemed more appropriate for this purpose than PN1 (very poor nutritional support) or PN3 and PN4 (not indicated in this situation).
Protein kinetics determination
Whole-body protein metabolism was studied non-invasively according to previously described methods (Lopez Hellin et al., 1997) ) was administered during 24 h, and urine was collected during the last 12 h, in isotopic steady state. Before isotope infusion, a urine sample was taken to determine basal isotopic enrichment. Urine was acidified with HCl to avoid bacterial hydrolysis of urea and evaporation of ammonia, and stored at À801C until processing. Total urinary nitrogen was determined with an elemental analyser (Carlo Erba NA 1500, Milano, Italy). Urinary ammonia was separated from urine by cationexchange column chromatography (AG50W-X8 100-200 mesh, BioRad Laboratories, Richmond, VA, USA); the remaining urinary urea was converted into ammonia with urease, separated by the same procedure, freeze-dried and stored at À201C until analysis. The lyophilized ammonia samples were converted to nitrogen by the Dumas method and isotopic enrichment was determined by an isotope ratio mass spectrometer (Finnigan MAT Delta S, Bremen, Germany).
Protein metabolism values were calculated according to a stochastic model using the end-product method for [
15 N]glycine (Sprinson and Rittenberg, 1949; Bier, 1989; Waterlow, 1995) . Protein flux (Q) was calculated as:
0 is the amount of infused tracer nitrogen, E 0 is the amount of excreted tracer nitrogen and E is the total amount of nitrogen excreted for the chosen end product. Whole-body protein synthesis (WBPS) (S) was calculated as: S ¼ Q-E, and conversion from nitrogen to protein was made considering 1 gN equivalent to 6.25 g protein. Whole-body protein breakdown (WBPB) (B) was calculated as: B ¼ Q-I, where I is total nitrogen intake. Both S and B calculations assume metabolic steady state, when
Muscle protein breakdown was estimated from urinary excretion of 3-methylhistidine, normalized by creatinine excretion to compensate for differences in muscle mass.
Determination of other components Plasma cortisol was determined by immunoradiometric assay (Immunotech, Prague, Czech Republic). Plasma CRP was measured by nephelometry (Beckman Array 360), using a commercial assay (Beckman, Fullerton, CA, USA). Plasma glucose and urinary urea and creatinine were measured with a Hitachi clinical autoanalyser. Urinary 3-methylhistidine and plasma amino acids were determined by reversed phase HPLC using a C-18 column on an Alliance 2690 unit and the PicoTag system (Waters Chromatography Division, Millipore Corp., Milford, MA, USA).
Statistical analysis
Protein metabolism parameters were normalized individually and expressed as a percent of the patient's preoperative value (assigned 100%) to compensate for the inter-individual variation. Statistical analyses were performed with Statgraphics Plus (Manugistics, Inc., Rockville, MD, USA). After eliminating the outliers (defined as values outside the median73 interquartile distances) from the data set, twoway analysis of variance (ANOVA) with nutrition and postoperative day as factors was used to examine the overall effect of these factors on the variables studied. Individual comparisons with respect to the preoperative reference values were performed with paired Student's t-test.
Results
The plasma components shown in Table 2 were used to assess the metabolic stress condition. There were statistically significant differences by day for cortisol, glucose and CRP (ANOVA Po0.0001 for cortisol; CRP Po0.0008 for glucose). Individual variations are shown in Table 2 . Cortisol and glucose peaked immediately after surgery and fell to within the reference range on PODs 2, 4 and 7. CRP showed a considerable increase on POD 2 vs preoperative reference values, followed by a slow tendency to normalize. These results were identical for all four groups, with no effect by the different parenteral nutritions (ANOVA by nutrition NS). The pattern shown by these components (Figure 1 ) indicated that the surgical procedure used induced a metabolic stress response (Udelsman and Holbrook, 1994) .
Whole-body protein synthesis
No statistical significant differences were found among groups for preoperative values (one-way ANOVA NS, Multifactor ANOVA (by nutrition and postoperative day) did not detect a significant overall effect of nutrition on WBPS (Table 3 and Figure 2 ). However, there was a general increase in WBPS 2 days after surgery, except in patients receiving PN4. WBPS decreased afterwards, with the exception of PN1 on day 7, which was significantly raised (Paired Student's t-test, Table 3 and Figure 2 ).
Whole-body protein breakdown
No statistical significant differences were found among groups for preoperative values (one-way ANOVA NS, P ¼ 0.439, n ¼ 19, mean ¼ 2.47970.188 g protein kg À1 day
À1
). Group preoperative values (in g protein kg À1 day
) were: PN1 ¼ 1.87370.275, n ¼ 5; PN2 ¼ 2.64970.407, n ¼ 5; PN3 ¼ 2.68570.482, n ¼ 6; and PN4 ¼ 2.63070.171, n ¼ 3.
Nutritional support significantly modified protein breakdown (multifactor ANOVA by nutrition and postoperative day, Table 4 and Figure 2 ), being higher for PN1 and lower for PN4. Breakdown in PN4 group was not significantly different from the preoperative values over the study period. Protein breakdown in groups PN2 and PN3 was slightly higher than the preoperative range, and significantly higher than PN4. Patients fed PN1 showed high WBPB values on PODs 2 and 4 (Table 4) . Breakdown increased extraordinarily in PN1-fed patients 7 days after surgery, a fact previously reported by our group (Lopez Hellin et al., 1997) .
Nitrogen balance
No statistical significant differences were found among groups for preoperative values (one-way ANOVA NS, P ¼ 0.952, n ¼ 22, mean ¼ À0.173770.0806 g protein kg (Table 5 ). PN1 produced negative values during the entire study period. PN2 and PN3 patients had net balances close to zero, whereas PN4 always produced positive nitrogen balances. Figure 1 Daily variations of stress-related parameters: Cortisol Po0.0001 by day, glucose Po0.0008 by day, CRP Po0.0001 by day; none of these parameters are influenced by nutrition (multifactor ANOVA). Error bars depict the standard error of the mean. Preoperative: 3 days before surgery; surgery: immediately after surgery; POD: postoperative day. *Po0.0005 vs preoperative values (paired Student's-t test). 
Muscle protein breakdown
No statistical significant differences were found among groups for preoperative values (one-way ANOVA NS, P ¼ 0.488, n ¼ 20, mean ¼ 214.8714.5 mmol 3-methylhistidine (g creatinine)
À1
). Group preoperative values (mmol 3-methylhistidine (g creatinine)
) were: PN1 ¼ 238.4730.8, n ¼ 5; PN2 ¼ 235.3739.4, n ¼ 6; PN3 ¼ 201.7717.5, n ¼ 6; and PN4 ¼ 175.5722.7, n ¼ 3.
Administration of nutritional compositions with lower energy and amino acids (PN1, PN2 and PN3) resulted in increased muscle protein breakdown at POD 2 (multifactor ANOVA by nutrition and postoperative day, Table 6 and Figure 2 ). However, patients given PN4 showed no statistically significant alterations in muscle protein breakdown, which stayed within the preoperative reference range (Table 6 and Figure 2) .
Effect of the different nutritional formulas on protein metabolism
Separate analysis of the effect of the different nutritional formulas on protein metabolism revealed that postoperative administration of glucose alone (PN1) produced an increase in whole-body protein synthesis and breakdown, with net protein hypercatabolism (Figure 2 and Tables 3-5). When more complete nutritional formulas were used, such as PN2 or PN3, progressive curbing of protein synthesis and breakdown was observed from day 2, but protein breakdown was Figure 2 Influence of nutrition on protein metabolism parameters after surgery (multifactor ANOVA): whole-body protein synthesis NS, wholebody protein breakdown Po0.0005, nitrogen balance Po0.00001, muscle protein breakdown NS. Preoperative: 3 days before surgery; POD: postoperative day. *Po0.05 vs preoperative value (paired Student's-t test). Protein metabolism after surgery J López Hellín et al higher than synthesis on all days, hence resulting in negative net balance (Tables 3-5) . Nevertheless, patients receiving PN4 did not evidence changes in protein synthesis and breakdown rates, which remained within the preoperative reference range. Over the study period, protein breakdown was always lower than protein synthesis in patients fed PN4, a fact that resulted in positive net protein synthesis, without hypercatabolism (Figure 2 and Tables 3-5) .
Effects on other plasma components
The non-essential/essential amino acid quotient (AAQ) remained within the reference values for all groups and days, except for PN1, which produced steady elevation of the AAQ, reaching a threefold increase at POD 7 (multifactor ANOVA by nutrition and postoperative day, Po0.0001, preoperative mean value 2.0070.11), and indicating severe amino acid deficiency (Figure 3 ). There was a strong decrease in cholesterol with respect to preoperative values (ANOVA by day Po0.002, preoperative mean value 197.779.22 mg dl À1 ), which was similar for all groups (Figure 3 ). Triglycerides increased steadily over the reference range from POD 2 to POD 7, in a nutrition-dependent manner: higher values for PN4 and lower for PN1 (Figure 3 , ANOVA Po0.00002 by nutrition and Po0.004 by day, preoperative mean value 118.7579.78 mg dl À1 ). Insulin concentration was within the Figure 3 Daily variation of nutrition-related plasma components: Triglycerides Po0.0002 by nutrition and 0.004 by day; cholesterol NS by nutrition, Po0.002 by day; non-essential/essential amino acid ratio Po0.0001 by nutrition, Po0.03 by day; insulin Po0.0003 by nutrition, Po0.04 by day (multifactor ANOVA). POD: postoperative day. ) except in patients receiving PN4, who showed an insulin peak at POD 2, followed by a steady decrease that reached the reference range at POD 7 (Figure 3 ).
Discussion
The substantial protein loss observed immediately after injury is classically attributed to increased whole-body protein breakdown and decreased protein synthesis. These alterations are considered unavoidable consequences of the hormonal changes induced by surgical trauma (O'Keefe et al., 1974; James, 1981; Waterlow, 1995; Waitzberg et al., 1999; Wilmore, 2000) . As indicated by our previous results (Lopez-Hellin et al., 2004) , perioperative fasting strongly modifies protein metabolism and is, in part, responsible for the ebb-phase alterations classically attributed to surgical injury. Our present results lead us to conclude that a similar effect is produced after surgery. Previous models describing the evolution of protein metabolism after trauma (James, 1981) should be reconsidered, since they actually reflect the effect of inadequate nutritional support interacting with the metabolic response to the injury. We observed a nutritiondependent response, with minimal or absent alterations in patients fed the most complete parenteral nutrition (PN4), and increasing alterations in patients receiving increasingly poorer parenteral nutritions.
We consider that patients receiving the most complete parenteral nutrition (PN4) showed the alterations produced by surgical injury alone, without the interfering effects of inadequate nutrition. This response comprised (1) an increase in the whole-body protein synthesis rate 2 days after surgery, and then a decrease in normalization 6-7 days after surgery; (2) whole-body protein breakdown showed the same pattern as synthesis, but with lower values; (3) net protein synthesis, equivalent to the nitrogen balance, always showed positive values during this period; and (4) there was no significant increase in the rate of muscle protein breakdown ( Figure 2 and Tables 2-5). In contrast, the poorer parenteral nutritions produced nutrition-dependent increments in whole-body protein synthesis and breakdown, resulting in increased nitrogen loss. In addition, muscle protein was catabolized when the nutritional requirements were not met. Nutrition-dependent changes in muscle protein metabolism have been reported previously (Lowry et al., 1985; Yoshizawa et al., 1997; Garlick et al., 1998) . The metabolic effects associated with the PN1 parenteral nutrition (isotonic glucose) were extremely severe. Over the 7 days of the study a general disarrangement of protein metabolism was produced, although it was not fully evidenced in the nitrogen balance, the most reliable measure of protein metabolism used in routine clinical practice. The considerable increases in whole-body protein synthesis and breakdown rates imply exaggerated energy utilization, with no apparent purpose. In addition, there was a substantial deficiency of essential amino acids, which can be of great importance in the process of damage repair. As we reported previously, isotonic glucose also lowers plasma transthyretin, retinol binding protein and insulin-like growth factor-1 (Lopez-Hellin et al., 2002) , common nutritional markers. The importance of these findings rely on the fact that isotonic glucose (PN1) is the standard fluid support for surgical patients, according to the guidelines of several Clinical Nutrition Societies (ASPEN Board of Directors, 1993; French Speaking Society for Parenteral and Enteral Nutrition, 1996; Italian Society of Parenteral and Enteral Nutrition, 1996) . The complete parenteral nutrition (PN4) did not evidence important deleterious effects. There was a transient insulin peak that quickly normalized, and glucose remained within the preoperative reference values after initiation of experimental nutrition (PODs 2-7).
This metabolic response to deficient nutritional intake after injury differs from the response caused by fasting in healthy, non-stressed individuals. Although nitrogen balance is negative in both cases (Svanfeldt et al., 2006) , protein breakdown in starvation alone remains at near-normal values, whereas protein synthesis decreases (James, 1981; Arnal et al., 1987; Waterlow, 1995; Volpi et al., 1998) or, according to other reports, protein breakdown increases and protein synthesis remains unchanged (Frexes-Steed et al., 1990; Fryburg et al., 1990; Waterlow, 1995) . A possible explanation for the differing response to fasting that occurs in injured vs healthy individuals is the different metabolic needs of the two situations. A healthy organism challenged by insufficient nutritional intake can slow or shut down non-critical metabolic processes to decrease the consumption of energy and amino acids. The injured organism needs not only to maintain active many normal processes, but also to increase or initiate a number of metabolic functions to repair the damage caused by injury, which requires increased availability of energy and amino acids.
The metabolic response to injury is an emergency mechanism that can be sustained only for limited periods. When nutritional intake is very deficient, as was observed in patients given glucose alone for 7 days (parenteral nutrition PN1), derangement of protein metabolism occurs. The protein synthesis rate increases continuously to very high values and protein breakdown increases even more, maintaining the hypercatabolic condition (Figure 2 ). The elevated protein synthesis rate observed for patients fed glucose alone for 7 days contributed to raising the energy requirements (Waterlow, 1995) .
The most important finding of this work is complete abolition of postoperative protein hypercatabolism by sufficient nutritional support. Patients receiving adequate nutrition showed positive whole-body net protein synthesis and normal muscle protein breakdown (Table 5 and Figure 2) . Therefore, hypercatabolism after injury, which is partly responsible for the deleterious consequences of the stress response, can be prevented or limited by avoiding perioperative fasting (Lopez-Hellin et al., 2004) Parenteral and Enteral Nutrition, 1996) , is insufficient to cover the patients' energy requirements and produces the considerable alterations described in this paper. Extensive work on perioperative multimodal management for surgical patients (Basse et al., 2002 Hjort Jakobsen et al., 2004; Smedley et al., 2004) supports the important role of early, complete feeding on surgical recovery, and agrees with our results for a complete parenteral nutrition (PN4).
Conclusions
The metabolic response to fasting after intestinal surgical trauma (increased protein synthesis and breakdown) is different from the response to fasting alone (normal protein breakdown, decreased protein synthesis). The metabolic stress provoked by intestinal surgical trauma does not, in itself, produce a negative nitrogen balance. The protein loss usually observed after gastrointestinal surgery is attributable to nutritional support that does not meet the organism's requirements. Sufficient nutrition prevents this protein loss as well as the protein metabolism alterations.
